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Aluminumparticles have been shown to enhance the performance in propellant systems by reacting and releasing

significant chemical energy that contributes to the overall heat release. However, the heat transfer characteristics

from a propellant to a target are not well understood. In this study, impinging flow geometries of a simulated

propellant flame seeded with aluminum particles were investigated. Although the contribution of aluminumwas the

main focus of this study, inert powders of alumina-titania and yttria stabilized zirconia were also used to compare

and quantify the heat flux contributions of reacting, melting, and nonmelting powders, respectively. An oxygen–

acetylene torch seededwith aluminum, alumina-titania, or yttria stabilized zirconia was used to analyze the different

heat transfer characteristics from eachmaterial. Copper coupons captured and quenched reacting particulates from

the flame. A scanning electron microscope with energy dispersive spectroscopy and a differential scanning

calorimeterwere used to examine the degree of completion of aluminumoxidation. Results show that yttria stabilized

zirconia experience a 1.9% increase in heat flux compared with gas-only flames. Flames seeded with alumina-titania

showed an 80.2% increase in heat flux, whereas aluminum particles provide a 232.7% gain over gas-only flames.

Results from the differential scanning calorimeter show that aluminum consumption percentages for flames with a

2.5 oxygen–fuel ratio are an average of 8.6% higher than those for a 1.5% oxygen–fuel ratio. The percent of

aluminum consumed in the reaction generally increases with standoff distance.

Introduction

A LONG with the increased performance from the addition of
aluminum (Al) to solid rocket propellant comes an increased

potential for hazardous scenarios. Understanding the fire environ-
ment presented by aluminum seeded propellant flames is integral to
the development of vehicle subsystems which respond in a safe and
predictablemanner during accident situations inwhich the propellant
is burning in an off-design situation with circumstances much
different than those of traditional solid propellant combustion.
Understanding the role of the aluminum particles in the combustion
and heat transfer associated with accident fire plumes is necessary for
describing the thermal environment.

Fundamental studies involving the combustion of aluminum
particles have been performed by numerous researchers and review
papers are available [1–12]. This work focuses on the addition of Al
particles to solid propellants that ultimately causes an increase in
propellant burn rate. Davis [13] examined burn rates of ammonium
perchlorate (AP) and paraformaldehyde propellants. The formula-
tions contained <1% Al by mass. This study examined the effect of
Al particle size on burn rate and used Al particles ranging from 53 to
103 �m in diameter. The results did not precisely follow theD2 law;
instead, an exponent of 1.8 was found to fit the experimental data
well. Melcher et al. [14] used an AP/hydroxyl-terminated
polybutadiene (HTPB) propellant and 106 �m Al particles to

demonstrate the diameter dependence on burn time and showed
similar results. Other fundamental studies showed that Al reacts as
alumina accumulates in an “oxide cap” created on the molten Al
surface as the elemental Al gasifies and reacts [15]. Though
important to understanding propellant behavior, burn rate is only one
property desired from propellant studies. For propellant fire accident
scenarios, a key property of interest is the heat transfer characteristics
with respect to objects inside and adjacent to the propellant fire
plume.

Althoughmany studies have centered onmeasuring andmodeling
burn rate characteristics of propellants, less effort has been focused
on characterizing the heat transfer properties from metallized
propellants. The heat transfer characteristics of gas and liquid flames
have been widely investigated. Calorimeters of various types
(button, rod, cylinder, etc.) have been used to measure heat flux from
fire plumes. Large diameter hydrocarbon pool fires have been the
subject ofmany of these studies [16–18]. One study showed that heat
fluxes generated by such fires can be up to 150 MW=m2 [19].

For some gas–air flames, it has been shown that up to 90% of the
heat transfer may occur by forced convection from the combustion
gases to a surface [20]. Wu et al. [21] characterized the heat transfer
from radial jet reattachment combustion (RJRC) using amethane–air
mixture. They showed peak RJRC heat fluxes on the order of
130–190 kW=m2. Kwok et al. [22] investigated the heat transfer
characteristics of premixed butane–air impingingflame jets from slot
and round burners. They recorded heat flux and temperature from
flame impingement on a square, actively cooled impingement plate.
Heat fluxes for various Reynolds numbers and air–fuel ratios ranged
from 200 to 375 kW=m2.

Various investigations have been made into the heat transfer
enhancements of particles when added to nonreacting pipe or duct
flows. Murray [23] showed that the majority of the heat transfer to a
tube in gas-particle crossflow was driven by transport of thermal
energy from rebounding particles. Another study isolated the effect
of conduction between impacting particles in an impinging jet flow.
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It was found that conduction was the main contributor to the
enhancements of the heat transfer properties of the jet [24].

Other studies examined the addition of nonreacting particles to
combustion systems. Baek et al. [25] examined the addition of
47:1 �m average diameter aluminum oxide (Al2O3) to a hydrogen–
air flame to quantify the heat transfer effects of nonreacting solid
particles. They showed that the presence of Al2O3 in the flame does
not appreciably affect radiative heat transfer to a wall. But, by adding
reactive carbon particles to the flame, they showed that both radiative
and convective heat transfer values were increased over those for the
flame without particles. Boron, magnesium, and aluminum are all
metallic fuel additives which have been investigated for use in solid
propellant formulations [26–29]. Transmission electron microscopy
(TEM) techniques have been used to study size and morphology of
alumina nanoparticles generated from solid rocket propellant.
Karasev et al. [30] investigated the aluminum combustion stages and
agglomeration using TEM analysis. With all that is known about
aluminum combustion, the heat transfer characteristics of particle-
laden formulations have been less commonly investigated. The heat
flux investigation is much less complete than more traditional solid
particle burning characteristics like ignition time and burn rate.

The environment created by an open air solid rocket propellantfire
can be characterized as severe, with temperatures reaching 3000 K
and heat fluxes reaching approximately 200 W=cm2 [31,32].
Jackson [33] used NASA’s Chemical Equilibrium Analysis (CEA)
software to compare adiabatic flame temperatures and product
compositions from various propellant flames and fires assuming
chemical equilibrium exists during the reaction. Regarding adiabatic
flame temperatures, results from [33] show good agreement between
temperatures produced by various mixture ratios associated with an
acetylene–oxygenflame in this study to the propellantflame andfires
[31]. It is noted that the acetylene–oxygen flame is not a perfect
stimulant for a typical AP propellant in that the chemical
compositions are not the same (e.g., there is no chlorine in the
acetylene–oxygen system). However, this flame produces similar
temperatures and, by seeding the flame with particulates, similar
particle loading levels for a propellant are also achieved [33]. In this
way, a seeded acetylene–oxygen flame produces a similar
environment (e.g., high temperatures with particles) expected in
propellant fires.

This studywill examine the heatflux characteristics and aluminum
combustion dynamics of a simulated propellant fire using an
oxygen–acetylene flame seeded with three different 25 �m average
diameter powders. The sample powders were studied to compare the
effect of inert yttria stabilized zirconia (YSZ), melting alumina-
titania, and reacting aluminum particulates. The flame is createdwith
a thermal spray gun, which allows for a range of oxygen–acetylene
ratios to be used and provides the ability to inject and control specific
flow rates of powder. A screw-type powder feeder supplies the
powder at a constant rate. A button-type calorimeter is inserted into
theflame by a six-axis robot. A one-dimensional heatflux calculation
program uses the calorimeter’s temperature data to backcalculate
heat flux at the surface of the calorimeter. Various oxygen–acetylene
ratios are examined to determine the influence of mixture ratio on
heat flux. A two-color pyrometer (model DPV-2000, Technar, Inc.,
Montreal, Quebec, Canada) verifies particle temperatures so that
oxygen–acetylene ratios can be adjusted to achieve similar particle
temperatures for the various powders.

In addition to heat flux, the Al particle reactivity is also
investigated in terms of percent Al reacted as a function of standoff
distance and mixture composition. Polished copper coupons passed

through the flame zone collected sample particulates. These
particulates are analyzed using a scanning electron microscope with
an energy dispersive spectroscopy attachment to verify the presence
of aluminum oxide. Differential scanning calorimetry was also used
to quantify the consumption of Al and estimate the amount reacted as
a function of standoff distance. To the authors’ knowledge, this is a
new and innovative approach for determining the quantity of reactant
that has oxidized after a specified period. The results presented
provide valuable information about heat flux characteristics and
general reaction dynamics forflames associatedwith propellantfires.

Experimental

Sample Powders

Table 1 shows important properties and the supplier of each
powder. The powders were chosen based on their melting points,
chemical reactivity, and mean particle diameter. For example, inert
yttria stabilized zirconia has a highmelting point and will not melt or
react in the flame zone. In contrast, alumina-titania (Al2O3-TiO2)
will melt but will not react with the gaseous flames. Finally, Al
particles will melt and react with the flames.

For experiment repeatability, it was necessary to have similar
mean diameters for each of the three powders. The three different
powders were examined separately. The mean and standard
deviation of particle diameters were determined with a Coulter
particle size analyzer. The particle densities and melting
temperatures are reported from [34].

Burner Apparatus and Calorimeter

Figure 1a is a schematic of the experimental apparatus. It depicts
the four major components of the experiment: the torch, calorimeter,
control arm, and data acquisition computer. A premixed oxygen and

Table 1 Powder properties

Powder composition Mean diameter, �m Standard deviationn �m Density, g=cc Melting point, �C Supplier

Yttria stabilized zirconia (YSZ) 24.04 19.46 5.9 2700 Metallurgical Technology
(Pearland, TX)

Alumina–13% Titania (Al2O3-TiO2) 24.55 12.15 3.9 1865 St. Gobain
(Northampton, MA)

Aluminum (Al) 25 13 2.7 660 Valimet (Stockton, CA)

Fig. 1 Schematic of the experimental apparatus: a) overall schematic,

b) enlargement of the torch nozzle and air cap, c) enlargement of the

calorimeter.
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acetylene flame was generated using a Sulzer-Metco 6P-II (Sulzer-
Metco, Westbury, New York) combustion powder thermal spray
gun. The torch was fitted with a type-D nozzle (Sulzer-Metco,
Westbury, New York) and a gun-cooling air cap. Preliminary
experiments showed that the type-D nozzle provides the hottest
flame conditions, whichmost accurately simulates the propellant fire
environment. The gun-cooling air cap uses a compressed airstream to
cool the torch nozzle.

Figure 1b shows an expanded view of the nozzle and air cap used
in the experiment. The nozzle cross section on the left shows each
channel and its contents. The image on the right shows the
distribution of cooling air from the air cap. This air serves only to cool
the brass nozzle on the torch and does not participate in the
combustion process. The 6P-II torch has a mixing channel that
provides homogeneous blending of fuel and oxygen and a powder-
feed channel that introduces the powder directly into the flame at the
tip of the nozzle.

Temperature measurements from the impinging flame were made
by a 304 stainless steel (SS), button-type calorimeter, instrumented
with two type-K thermocouples (TCs) (Omega Engineering, Inc.,
Stamford, Connecticut), spaced 4.23 mm apart. Figure 1c shows a
schematic of the calorimeter. The instrumented button was insulated
with alumina felt and clamped in a 304 SS ring. The ring is threaded
and locked onto a 0.953 cm rod. The calorimeter is attached to a
mounting plate inserted into theflame by a six-axis, automated robot.
The experiment is controlled by computer usingLabVIEW (National
Instruments, Austin, Texas) to ensure that all flow rates and robot
actions are precisely executed and monitored.

Heat Flux Calculations

The time–temperature response of the thermocouples in the
button-type calorimeter was used to calculate the surface heat flux by
means of an inverse heat conduction algorithm. Temperature data
were recorded from the calorimeters at 1000 Hz. The data were
calculated using IHCP1D, a one-dimensional heat flux calculation
program (Beck Engineering Consultants Co., Okemos, Michigan).
Measurements for the gas-only flames were made to establish a
baseline, and thenmeasurements from the particle-laden flameswere
made. For each flow condition, a minimum of six calorimeter
measurements were made to provide an average over the range of
measurements and establish test repeatability.

Particle Collection Coupons

The particulate samples were collected on 5 cm2 polished copper
coupons that are fixed to the robot and passed through the flame at a
rate of 63:5 cm=s. Each coupon was weighed andmarked before use
in the experiment. Copper was chosen as the substrate material
because of its high thermal conductivity. Calculations performed
using the lumped capacitance method showed that with an initial
temperature of 24�C, the coupon’s final temperature was
approximately 33�C after passing through the flame. This small
temperature change indicates that the Al particles collected on the
surface are quenched such that the Al combustion reaction is halted.

Experimental Technique

The first set of experiments was run with gas-only flames and
established baseline flame conditions. For the second set of
experiments, particles were added to the oxygen–acetylene flame via
a TAFA powder feeder (Concord, NewHampshire) and the powder-

feeder gas flow rate was measured with a standard flow meter at the
inlet to the feeder. To ensure that the particle feed was constant,
individual tests were run to establish deposition consistency for the
powder feeder and impingement surface. Figure 2 shows the weight
of Al2O3-TiO2 particles deposited on the coupon surface as a
function of time in the flame and is representative of the linear trend
of all particles examined. The deposition rate is linear with narrow
error bars signifying good repeatability of the powder feeder. The
experiments reported herewere repeated for each of the powder types
and conditions presented in Table 2.

Particle temperature and velocity measurements were made using
a two-color pyrometer and particle Doppler velocimeter (PDV),
respectively; both measuring techniques were made using the model
DPV-2000 (Technar, Inc., Montreal, Quebec, Canada). These
measurements were made so that the oxygen–acetylene ratio could
be adjusted to achieve uniform particle temperatures for the three
powder types. The target particle temperature was specified at
approximately 2100�C which is above the melting temperature of
Al2O3-TiO2 (Table 1). Maintaining particle temperatures of 2100�C
will allow Al2O3-TiO2 to melt but YSZ will remain an (inert) solid.
In this way, the calorimetry measurements will reveal the effect that
particle phase has on the total heat flux. The heat flux from molten
and solid (inert) particles was then compared with that of reacting Al
particles. This comparison serves to demonstrate and quantify the
heat contribution effect of adding Al particles to the flame. The
variation in oxygen–acetylene ratio associated with maintaining
constant powder particle temperatures of 2100�C is directly
proportional to the measured changes in heat flux indicative of inert,
melting, or reacting particles. In this way, adding particles to the
torch flow sacrifices a higher flame temperature (unseeded flame) for
a higher effective heat transfer coefficient (particle-laden flame).
Therefore, the overall heat transfer efficiency (i.e., ratio of energy
delivered to a surface compared with energy available in the flow)
increases with the addition of particles.

To reach the target particle temperature, the oxygen–acetylene
ratio was adjusted according to the powder flow conditions. For a
nozzle diameter D of 4 cm and an oxygen–acetylene mixture
viscosity� of 21 � 10�6 kg=ms [35], and amassflow rate _m equal to
the mixture density 0:5690 kg=m3 [35] multiplied by 2.124
(Table 2), the torch gas flow produces a Reynolds number
(Re� 4 _m=�D�) equal to 501 (i.e., laminar flow). Low powder flow
rates correspond to 10:44 g=min for YSZ, 6:9 g=min for
Al2O3-TiO2, and 4:78 g=min for Al. The same oxygen–acetylene
ratio was used for each powder such that the target particle
temperature of 2100�C was achieved and the resulting heat flux
measurements from the calorimeter were a clear indication of inert
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Fig. 2 Deposition rate for Al2O3-TiO2 particles collected for an

oxygen–acetylene ratio of 1.5 and a total flow rate of 2:124 m3=h.

Table 2 Detailed experimental conditions

Powder Oxygen- acetylene ratio Standoff distance,
cm

Torch gas flow rate,
m3=h

Powder gas flow rate,
m3=h

Powder feed mass flow rate,
g=min

YSZ, low 2.5 12.7 2.124 0.2832 10.44
YSZ, high 2.25 12.7 2.124 0.2832 17.41
Al2O3-TiO2, low 2.5 12.7 2.124 0.2832 6.9
Al2O3-TiO2, high 1.62 12.7 2.124 0.2832 11.5
Al, low 2.5 12.7 2.124 0.2832 4.78
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(or baseline heat flux), melting, or reacting particles. The high flows
are compared with the low flows to demonstrate the effect of powder
flow rate on heat flux. High powder flow rates are 17:41 g=min for
YSZ and 11:5 g=min for Al2O3-TiO2. No high flow rate
experiments were performed for Al. An oxygen–acetylene ratio
closer to stoichiometric was used for theAl2O3-TiO2 so that particle
temperature would be similar to that of YSZ.

Table 2 provides a summary of the parameters associated with
each particle-laden flow. The “low” and “high” designation refers to
the specific flow conditions used for each run and are summarized in
Table 2.

When all gas line pressures were stabilized, the torch was lit
manually. The robot control was initialized and the calorimeter was
inserted into the gas-only flame for four separate measurements
corresponding to 10 s durations. Before each measurement, the
calorimeter was allowed to cool to 50�C. Numerical simulations
showed that for exposure times greater than about 10 s,
multidimensional heating effects become significant, which would
cause the one-dimensional inverse heat transfer algorithm to give
erroneous heat flux results. After this preheating process, the powder
feeder was activated and began dispersing particles into the flame,
and the calorimeter was inserted into the particle-laden flame. Again,
after 10 s of exposure, the calorimeter was removed.

A slightly different setup was used for the Al particle collection
experiments. Figure 3 depicts the setup.

This setup employed a six-axis robot to control the torch motion.
The coupons were mounted side by side in an aluminum frame. The
robot passed the torch over the coupons at a rate of 30:48 cm=s and
particulate samples were collected on the exposed surface of the
coupons.

Results

Heat Flux Measurements

Figure 4 shows the average heat flux results from all calorimeters
for the gas-only flames. The gas-only values were used as a baseline
for comparison with the particle-laden flames. The three oxygen–
fuel ratio (OFR) values that were investigated were chosen because
preliminary tests showed that the OFR-powder pairings seen in
Table 2 were necessary to achieve consistent particle temperature in
the flame zone. Figure 4 shows that as the oxygen–acetylene ratio
becomes closer to the stoichiometric ratio of 1.0, the heat flux
delivered by the flame increases.

Figure 5 shows a comparison between the heat fluxes from the
particle-laden flameswith lowflow rates of each powder to that of the
low-flow, gas-only flame.

Figure 6 is a summary plot of the heat fluxes for all particle-laden
flames. The heat fluxes are displayed per grammass for each powder
type.

The average heat fluxes shown in Fig. 6 demonstrate the
characteristics of each type of flame in the experiment. The YSZ
particle flame shows the lowest heat fluxes from the group of
powders. The YSZ particles are inert and the YSZ laden flames yield
similar heat fluxes to the gas-only flame with the same conditions.

The Al2O3-TiO2 powder delivers a heat flux higher than that of the
YSZ because the Al2O3-TiO2 particles melt. When impinged on a
cooler surface (the calorimeter), the molten particles resolidify and
their latent heat provides the increased heat flux. Even higher heat
fluxes are produced by the flame containing Al particles. This
increase is due to the large amount of exothermic energy given off by
the Al oxidation reaction.

Figure 6 demonstrates that Al provides a much greater increase in
heat flux than the other powders. The heat flux values were divided

Fig. 3 Experimental apparatus for particle collection. 0
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by the total mass of each powder to which the calorimeter was
exposed for each 10 s test. The heat flux per unit mass for Al is 2.7
times that of Al2O3-TiO2 high flow, which provides the second
highest heat flux. The Al heat flux per unit mass is 8.4 times greater
than the highest heat flux per unit mass seen with the YSZ.

In Figs. 4–6, transient behaviors in the calculated heatflux are seen
for times under approximately 2 s. This phenomenon is a product of
the inverse method of heat flux calculation and was disregarded for
all quantification of heatflux data. It is interesting to note that the heat
flux for the Al andAl2O3-TiO2 reaches its peak value and then drops
off steadily through the rest of the run. During these tests, after a few
seconds of exposure to the flame, the calorimeter became coatedwith
Al and Al2O3-TiO2 deposits. By the end of the run, there was a
coating ranging from 1–5 mm in thickness on the impingement
surface of the calorimeter. This coating acted as an insulator,
dissipating the heat from the flame contact zone and decreasing the
measured heat flux throughout the end of the run. With the low-flow
of Al2O3-TiO2, the same effect can be observed, but on a much
smaller scale. This insulating effect is not seen with the YSZ seeded
flame because the particles did notmelt and therefore did not build up
on the calorimeter surface.

Heat Flux Uncertainty Analysis

A finite difference heat transfer code was employed to supplement
the IHCP1D heat flux calculations. The code explicitly solves the
one-dimensional heat conduction equation for the temporal
derivative using a forward difference method [36,37] and the spatial
derivative using a central differencemethod. This routine applied the
IHCP1D calculated heat flux value and backcalculated the
temperatures at both thermocouple locations in the button
calorimeter. Table 3 is a summary of the calculated results.

The calculation shows a slightly higher difference between the
theoretical and experimental temperatures for the front thermocouple
location. This is expected because the front thermocouple faces a
more dynamic heat flux environment, whereas the back
thermocouple is more isolated from the heat flux environment by
the button material. Many factors, like testing environment,
thermocouple response time, thermal lag, and inherent heat transfer
code assumptions and simplifications, can all contribute to this
difference. Based on these calculations and the experimental
diagnostics, an order of uncertainty of 7% is assigned to the
experimental data.

Scanning Electron Microscopy

The couponweight before and after the experiment was compared
to verify reliable particle collection. The collected samples were
analyzed with a scanning electron microscope (SEM) using energy
dispersive spectroscopy (EDS). This analysis provided information
on themorphology and surface composition of the captured particles.
Results showed that the most predominant element visible is Al.
Other elements having a significant presence in the test area areO and
Cu. It can be inferred that the oxygen is present from the Al2O3

leftover from the combustion ofAl. The copper, which is seen in very
small quantities, is from the coupon upon which the samples were
collected.

Differential Scanning Calorimetry

These data were coupled with thermal analysis performed using a
NETZSCH (Selb/Bavaria, Germany) STA 409 PC/4/H Luxx
Simultaneous TG-DSC/DTA with a temperature range from 25 to
1100�C.

The copper coupons were scraped to remove the captured
particulates. Samples of approximately 4.6 mg were weighed and
poured into a platinum crucible with an alumina liner. The powder
samples were then hand pressed in the crucible to achieve good
sample to sensor surface contact.

The calorimetry furnace was evacuated to 1.6E-4 mbar and then
backfilled with standard argon (<5 ppm oxygen). Heating rates of
20�C=min were used. A sensitivity calibration was done using a
least-squares curve fit to an 8 deg polynomial from differential
scanning calorimeter (DSC) data of a sapphire sample with a known
specific heat. A temperature calibration was done based on the melt
onset temperature of pure metal samples of indium, tin, zinc,
aluminum, and gold with an applicable temperature range from 156
to 1064�C. A baseline correction was also applied to each scan based
on the thermal response of an empty crucible.

Initial DSC results are presented in Fig. 7. The conditions for this
sample were an oxygen–acetylene ratio of 1.5, a total flow rate of
2:124 m3=h and a standoff distance of 12.7 cm. The figure shows
heat flow and temperature as a function of time for a heating rate of
20�C=min. The heat flow curve shows a melting endotherm with an
onset temperature of approximately 660�C, which corresponds with
the melting temperature of Al [1]. This analysis suggests that
elemental Al was present in the sample collected from the coupon
and thus full oxidation of the aluminum powder did not occur. These
results are consistent with the EDS element map from Fig. 8 which
also indicates an abundance of Al in the collected particulate.

To gain insight into the Al combustion dynamics, the next set of
experiments used the DSC to compare Al combustion using two
different oxygen–acetylene ratios with various standoff distances.

Table 3 Comparison between IHCP1D and finite difference method

Location Experimental temperature, �C Theoretical temperature, �C % difference

Front TC 420.83 450.58 6.60
Back TC 238.07 233.46 1.94

Fig. 7 Heat flow and temperature as a function of time for a heating

rate of 20�C=min.
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The product residue from the copper coupons was analyzed for
oxygen–acetylene ratios of 1.5 and 2.5 with standoff distances of
7.62 cm, 10.16 cm, 12.7 cm, and 15.24 cm. Samples were collected
from each point a minimum of three times to establish repeatability.

First, a sample set was established for unreacted Al from the
supplier batch. Three thermal analysis measurements were made
with the unreacted Al and the DSC area results were averaged. Each
measurement quantifies heat flow as a function of temperature for
heating rates of 20�C=min. The endotherm corresponding tomelting
was determined and the area under each curve was calculated with a
constant temperature method. The area under each curve was
evaluated throughout the same temperature range to ensure
consistent results. This area is directly related to the amount of
elemental Al contained in the sample. The area obtained from the
unreacted Al test was qualitatively deemed 100% of the available Al
energy. Then the samples collected from the two oxygen–acetylene
flames and four standoff distances were analyzed in the DSC. The
area of each data pointwas averaged and the resultwas calculated as a
percentage of Al reacted. Figure 8 shows the results for torch
conditions with oxygen–acetylene ratios of 1.5 and 2.5.

Both EDS and DSC diagnostics were initially used to confirm the
consumption of active aluminum in the flame. Further DSC data,
coupled with the results from the heat flux portion of the experiment,
were used to investigate the heat flux contribution of Al to the flame.
Using the baseline Al DSC curve, a method for determining
percentage of reacted Al at various points in the flame was devised.

Discussion

Heat Flux

Figure 5 shows that 25 �m alumina-titania (Al2O3-TiO2) powder
provided a 76.9% increase in average heat flux (for low flow rates)
over the yttria stabilized zirconia particles of the same average
diameter. One explanation for this increase in heat flux is that
Al2O3-TiO2 has a lower melting point than YSZ (Table 1). When
injected into the flame, theAl2O3-TiO2 particles were heated enough
to reach their melting point, whereas the YSZ particles were only
heated to a temperature close to that of the combustion gases,
significantly less than the melting temperature of YSZ. When the
melted Al2O3-TiO2 particles impacted the calorimeter, they were
quenched and released latent heat. The nonmelted YSZ particles
impacted the calorimeter with a temperature similar to that of the
combustion gases, hence the heat flux values for YSZ and gas-only
flames were comparable. It is seen that the latent heat of a melting
particle is a significant contributor to heat flux imparted to a surface.
Further analysis was performed with the addition of Al particles to
the flow. For low flow conditions, Fig. 5 shows that the addition ofAl
yielded heat flux values 84.6% higher thanAl2O3-TiO2 and 226.5%
higher than YSZ. Figure 6 depicts the heat flux contribution of each
particle on a mass basis. The average heat flux values for each
powder were divided by the mass of each powder to which the
calorimeters were exposed for each run. This shows that on a mass
basis, Al provides heat flux enhancement 166.7% greater than
Al2O3-TiO2 and 613.3% greater thanYSZ. This implies that the heat
flux increase provided by reacting particles is mass proportional,
which is expected.

Scanning Electron Microscope/Energy Dispersive Spectroscopy

Analysis

The EDS analysis verified the presence of oxygen in the collected
particulates, likely present in the form of Al2O3. The elemental map
and visual morphology of the collected particulates both show
oxidation of Al. The intensity of Al is much greater than that of O,
which suggests that there is excess Al in the collected samples. The
DSC results shown in Fig. 7 confirm the results from the EDS
element map. The presence of an endotherm at the melting
temperature of Al indicates that some elemental Al remains in the
collected sample. The heat flux measurements imply that the Al is at
least partially reacted. In particular, the sharp increase in Al heat flux
compared with the Al2O3-TiO2 shows that the Al is releasing

chemical energy. If it were simplymelting, the heatfluxvalueswould
be similar to that of Al2O3-TiO2.

The DSC results from Fig. 7 shows that with an oxygen–acetylene
ratio of 1.5 and a standoff distance of 7.62 cm, the Al oxidation had
consumed approximately 54% of the available Al. At a standoff of
10.16 cm, approximately 77.1% of the available Al had been
consumed. The data show unexpected results at standoff distances
greater than 10.16 cm. At these distance, the Al has reached a lower
percentage of reaction than for the closer standoff distances. The
increase in active Al content beyond 10.16 cm is difficult to reason
because it is impossible that the Al has been reacted to a lesser degree
at distances farther from the torch nozzle (beyond 10.16 cm). There
are many factors that could contribute to the increased Al content
observed. For example, there are some intricacies of the experimental
procedure that affect the selectivity of particle samples taken from
large standoff distances. Each of these factors would cause an
increased amount of less reacted Al particles to be collected on the
copper coupon.

First, the density changes associated with oxidation of elemental
Al have adverse effects on the mass of particles in the flame flow.
Elemental Al has a density of 2:7 g=cc whereas Al2O3 has a density
of 3:97 g=cc. It is possible that postreaction agglomerations ofAl2O3

particles can weigh up to 47% more than their Al counterparts. This
density change may contribute to an altered flight path of the
particles, making the collection technique inherently less likely to
collect the more dense, reactedAl2O3 particles. Liang [38] observed
similar inertial effects during particle deposition tests. They observed
that a decrease in particle size of one order of magnitude could cause
up to one order ofmagnitude decrease in particle deposition velocity.
Another factor which could cause differences in the particle
collection technique is the structure of the flame produced by the
structure of the oxygen–acetylene torch. At larger standoff distances,
the flame zone is broader along the centerline of the torch. The flame
zone from the torch has been observed to experience approximately a
50% increase in diameter at standoff distances greater than 10.16 cm.
It is possible that divergence of the combustion gases and buoyancy
effects could cause more particles to miss the copper coupon.

In addition to the change in property effects, other authors [39,40]
have documented particle-free zones near hot walls during
axisymmetric impingement experiments. These particle-free zones
are a result of small diameter particles that remain in the gas flowfield
around an impingement surface. These particles with less mass
simply do not have enough inertia to carry them onto the
impingement surface. It is unfeasible that the highly active flame
zone used in the 1.5 and 2.5 OFR experiments would have a particle-
free zone, but the same effect could cause a slight change in the
particle collection characteristics at larger standoff distances. Jayaraj
[41] investigated thermophoretic flow over inclined plates and
showed that as fluid properties (density, viscosity, and thermal
conductivity) increase, the wall concentration of particles decreased.
This effect could be a factor in biasing the selectivity of particle
collection during the copper coupon sampling. Other studies [42–44]
point to increased particle sizes as one factor in decreased deposition
efficiencies. This could be a contributing factor due to the increase in
particle size caused by the oxide cap that forms onAl particles during
the oxidation process. An increase in volume of up to 33% can be
caused by conversion of Al to Al2O3.

Figure 8 shows that for an oxygen–acetylene ratio of 2.5 and a
standoff of 7.62 cm, approximately 65.3% of the available Al had
been consumed. For the entire range of data, the Al consumption
percentages are higher than those for the oxygen–acetylene ratio of
1.5. This result is intuitive because the theoretical stoichiometric
oxygen–fuel ratio for acetylene is 3.07. It would follow that a flame
with an oxygen–acetylene ratio closest to the stoichiometric ratio
would provide the most rapid and efficient Al oxidation because the
flame provides more energy to aid in this reaction. Hence, the flame
with an oxygen–acetylene ratio of 2.5 has higher reaction
percentages than those for the oxygen–acetylene ratio of 1.5 for
standoff distances 10.16 cm and closer.

The same irregularity that was seen with the Al reaction
percentage from the 1.5 OFR flame occurs at 10.16 cm standoff with
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the 2.5 OFR flame. The variation in the data is more pronounced for
the 2.5OFR flame. This is evident because there is a larger amount of
Al2O3 from the Al oxidation reaction present in the 2.5 OFR flame.
The larger disparity in the 2.5 OFR flame may indicate that property
effects (density and size variations, thermophoretic properties,
inertial effects, etc.) could be the primary cause of the datafluctuation
at larger standoff distances.

Conclusions

The heat transfer characteristics of flames seeded with various
sample powders were studied to compare the effect of inert yttria
stabilized zirconia (YSZ), melting alumina-titania (Al2O3-TiO2),
and reacting aluminum particulates. Experiments were performed
with an acetylene–oxygen thermal spray gun. This apparatus was
chosen because it closely simulates the temperatures and gas
velocities found during the combustion of rocket propellants. Testing
at low flow rates showed that flames seeded with Al2O3-TiO2

provided a 76.9% increase in average heat flux over YSZ and gas-
only flames. This is explained by the latent heat given off when
molten Al2O3-TiO2 particles solidify on the surface of the
calorimeter. Aluminum-laden flames provided heat fluxes 84.6%
higher than Al2O3-TiO2 and 226.5% higher than YSZ. This shows
that the Al particles are oxidizing in the flame and therefore releasing
a large amount of chemical energy. The three particle seeded flames
responded as predicted for inert, melting, and reacting particles. The
consistent measurements, combined with a 7% uncertainty, verify
that the experimental technique and equipment provide consistent
and reliable results.

Particulate samples were collected by impingement on copper
coupons and analyzed using scanning electron microscopy with an
energy dispersive spectroscopy attachment. Thermal measurements
of the collected Al samples were made using a differential scanning
calorimeter. The EDS map showed the presence of Al and O,
indicating that an oxidation reaction had occurred. The large amount
of Al present indicated that the Al was not fully oxidized in theflame.
Calorimetry data also showed that the Al was not fully oxidized.

Further DSC analysis was performed to isolate and compare the
effects of oxygen–acetylene ratio and standoff distance on Al
reaction percentages. As the oxidizer fuel ratio approaches
stoichiometric, the Al consumption percentages increase.With more
energy available in the gas-phase chemistry, theAl particle reactivity
increases accordingly. Standoff distance was also observed to affect
Al combustion percentages. The results showed that the amount of
Al reacted increased with standoff distance increased up to a critical
distance of 10.16 cm. Beyond this standoff distance, physical and
thermal properties of particulates bias sample collection leading to
misleading results.
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